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ABSTRACT (Continue on revene if necessary and identify by block number)
Phenology and carbohydrate literature for waterhyacinth (Eichhornia crassipes (Mart.) Solms), hydrilla (Hydrilla verticil lata L.f. Royle), Eurasian watermilfoil (Myriophyllum spicatum L.), and alligatorweed (Alternanthera philoxeroides (Mart. ) Griesb) was surveyed to assess the feasibility of using phenology/carbohydrate relationships for improving control tactics. Many studies have examined phenology of waterhyacinth, hydrilla, and Eurasian watermilfoil, but not alligatorweed. Phenology of monoecious and dioecious biotypes of hydrilla differs in growth pattern and propagule development. The monoeciouB biotype appears to be better adapted than the dioecious biotype to live at Northern latitudes because of its ability to produce more tubers and turions at lower water temperatures. A few investigations involving Eurasian watermilfoil and alligatorweed suggested that control efforts directed at the low ebb of carbohydrates will decrease biomass production. Little information on carbohydrate partitioning has been (Continued) well known for many terrestrial species (Mooney 1972) . This knowledge has been used to successfully control nuisance terrestrial plants (Linscott and McCarthy 1962 , Klingman 1965 , Schirman and Buchholtz 1966 , McAllister and Haderlie 1985 . For example, it is known that perennial plants store carbo hydrates in roots and rhizomes during late summer and autumn for winter sur vival and initiation of spring growth. As a result of frequent mechanical cutting during summer and fall, translocation of carbohydrates to below-ground storage structures will be dramatically reduced (Klingman, Ashton, and Noordhoff 1975 (Spence and Crystal 1970a,b; Sheldon and Boylen 1976; Singer, Roberts, and Boylen 1983) . Day1ength can influence some aspects of growth, such as carbohydrate content (Grainger 1947) , tuber production (Van, Haller, and Garrard 1978) , turion formation (Perry 1968, Weber and Nooden 1976) , dormancy and germination (Perry 1968) , and growth rates (Chapman et a1. 1974) . Temperature plays an important role in growth and development of aquatic plants. Several studies have concluded that elevated air and water temperatures increase biomass and accelerate development (Young 1973 , Haag and Gorham 1977 , Grace and Wetzel 1978 . Recent evidence suggests that a combi nation of light and temperature influences morphology, biomass, and metabolism of aquatic plants (Barko and Smart 1981a) .
6. Although light and temperature may be the overriding factors in aquatic macrophyte growth, other conditions can influence the growth and development of these plants. These growth responses have been linked to nutrients in the sediment (Carignan and Ka1ff 1979 , Barko and Smart 1980 , Barko and Smart 1981b . In addition, sediment density and organic content may dictate the density and distribution of aquatic species Smart 1983, 1986 ). (Bock 1966) . Once ramets become sepa rated from the parent plant, their buoyant, sail-like leaves allow each to float rapidly from place to place (Holm, Weldon, and Blackburn 1969) . This free-floating condition and the rapid rate of production of daughter plants enable waterhyacinth to spread horizontally and cover an entire water body.
9. Waterhyacinth produces leaves of two different forms, and these depend upon both plant density and plant location within the population (Musil and Breen 1977) . Large, bulbous petioles are typical when the plant is not crowded. Petioles become longer and thinner as interplant space decreases.
The bulbous leaf form predominates at the edge of the mat nearest the open water, or in populations where conditions preclude the development of a closed canopy. The swollen petiole allows the plant to remain upright and float along the water surface (Holm, Weldon, and Blackburn 1969) .
10. Studies show that freezing conditions can terminate growth and cause the waterhyacinth mats to turn completely brown (Penfound and Earle 1948) .
During a mild winter, a population of mostly small leaf plants has been observed (Center and Spencer 1981) . The smaller leaves, which lie close to the relatively warm water, are better able to survive frost conditions than the larger, more exposed leaves. New seasonal growth and increase in leaf size can occur by early spring, with the greatest growth occurring in mid summer (Penfound and Earle 1948, Bock 1969) . Center and Spencer (1981) observed small and large leaf plants of waterhyacinth in the spring in Lake 11. Flowering in waterhyacinth varies and has been observed to occur from
June to mid-November in California (Bock 1969) , April to June and late September to October (Center and Spencer 1981) , or throughout the year in Florida (Bock 1966) . Shoreline plants usually bloom first. It is also common for one population to exhibit mass blooming, while a neighboring population produces few or no flowers (Bock 1966 , Watson 1984 . Plants that flower profusely produce few ramets, whereas plants that rarely produce flowers have many ramets. Pieterse, Aris, and Butter (1976) and Watson (1984) pointed out that exogenously supplied gibberellic acid induced profuse flowering. Richards (1982) demonstrated that nutrient deficiency stimulated flowering, and Watson (1984) found flowering was inversely correlated with ramet popula tion growth rate. The mechanisms that trigger waterhyacinth flowering have yet to be determined.
12. Pollination and production of ripe seeds in waterhyacinth occur until freezing weather prevents the production of flowers. Both cross-pollination and self-pollination occur in this plant (Djalil 1973) . Seed production prob ably occurs worldwide within its range (Penfound and Earle 1948 , Djalil 1973 , Tag el Seed and Obeid 1975 , Obeid and Tag el Seed 1976 .
13. Seed germination in waterhyacinth is low, apparently because germi nation requires several factors to be present simultaneously: scarification;
well-oxygenated, warm, shallow water; and high light intensity (Das 1969, Center and Spencer 1981) . Ruptured seed coats result from wetting, drying, and rewetting and give the quickest and most complete germination in labora tory studies (Robertson and Thein 1932 , Parija 1934 , Penfound and Earle 1948 , Obeid and Tag El Seed 1976 . Bock (1966) suggested that if parent plants are removed, their seeds would become the primary source for reinfestation. Fol lowing a lake drawdown, seeds would be expected to germinate along the shore line (Haller 1981 (Senft 1981 , Haller 1982 .
15. Hydrilla grows from fragments , vegetative
propagules (Haller 1978) , and seeds (Cook and Luond 1982) . Upon germination, internodes elongate, and shoots grow toward the water surface. As foliage of dioecious hydrilla approaches the surface, profuse branching occurs, resulting 6 in the formation of a dense canopy that shades out other submersed species (Haller and Sutton 1975; Haller 1980; Swarbrick, Finlayson, and Cauldwell 1982) . Varshney and Rzoska (1973) ter (Bowes, Holaday, and Haller 1979) . Hydrilla biomass peaks anywhere from
July to November (Nail and Schardt 1978; Bowes, Holaday, and Haller 1979) .
Monoecious plants from the mid-Atlantic states completely senesce, with little viable biomass and few fragments overwintering (Environmental Laboratory 1985; Harlan, Davis, and Pesacreta 1985) .
17. Hydrilla forms two asexual reproductive propagules, subterranean tubers and above-sediment turions, which account for the plant's ability to infest new areas and regrow from year to year (Haller 1978) . Reports indicate that more tubers are produced than turions (Mitra 1964; Haller 1978; Dhahiyat. et al. 1982; Sastroutomo 1982; Harlan, Davis, and Pesacreta 1985) . Maximum tuber production for the dioecious biotype in the United States varies from 400 to 882 tubers per square metre Anderson and Dechoretz 1982; Sutton and Portier 1985) . Up to 1,300 tubers per square metre were produced by monoecious hydrilla in North Carolina impoundments (Harlan. Davis. and Pesacreta 1985) . Estimates of maximum turion production ranged from 42 turions per square metre for monoecious hydrilla in North Carolina (Harlan. Davis, and Pesacreta 1985) to 273 turions per square metre for dioecious hydrilla in Florida lakes and canals (Sutton and Portier 1985) .
Why hydrilla produces more tubers than turions has not been determined.
Still. the large number of tubers and turions indicates the potential for reinfestation from these propagules.
18. Water temperature and photoperiod play an important role in tuber production of hydrilla. Tuber and turion formation in dioecious hydrilla occurs from October through April in Florida, with maximum tuber production occurring during the winter months when biomass is lowest . Germination of dioecious tubers in Florida lakes occurs from 15° to 35° C. Germination of monoecious tubers was first observed in spring at temperatures of 11° to 13° C in North Carolina (Harlan, Davis, and Pesacreta 1985) . Laboratory studies on dioecious tubers show that lOa-percent germination occurred between 18° and 33° C for tubers and at 25° C for turions . Dioecious hydrilla plants form tubers as daylength decreases, with maximum production during daylengths of less than 13 hr. Dioecious tuber production is inhibited during long days (Van, Haller. and Garrard 1978; Sutton, Littell, and Langeland 1980) . MonoecioUR plants form tubers during short days (Spencer and Anderson 1986) . but tubers were occasionally formed during long-day conditions (Harlan, Davis, and Pesacreta 1985) . Less is known about turions. Sastroutomo (1980) suggested that the colder water temperature may be the determining factor in turion formation.
19. Monoecious and dioecious tubers were found to respond differently in laboratory tests. Monoecious tubers that were germinated in the laboratory grew at a minimum temperature of 15° C, while dioecious tubers were inhibited at this temperature (Stewart and Van 1984) . At higher water temperatures (22° and 30° C), tuber germination occurred in both biotypes. Monoecious tubers are smaller than tubers from dioecious plants (Anderson 1984, Stewart and Van 1984) . Also, monoecious tubers grown under short days (10-or 12-hr photo period) germinated and produced new tubers by 28 days, while dioecious tubers that germinated and grew for 56 days did not produce new tubers (Spencer and Anderson 1986) . Monoecious hydrilla produced turions between 23° and 28° C, while dioecious hydrilla formed turions only at 28° C (Van der Zweerde 1982) .
Thus, the monoecious biotype is well adapted to live in northern latitudes because of its ability to produce many tubers rapidly under short photoperiod and turions at low water temperatures.
Floral initiation varies between the biotypes in this country.
Pistillate flowers on the dioecious biotype can occur in the spring or autumn (Haller 1978) . Because staminate flowers are absent in Florida, no seeds are produced. The pistillate and staminate flowers of the monoecious biotype are formed from September through early-October (Langeland and Smith 1984 (Stocker and Kent 1984) . Greater than 50 percent of the photosynthetic production can occur within 20 cm of the water surface (Adams, Titus, and McCracken 1974) , and 75 percent of the plant biomass can be concentrated in the top 30 cm of the water column (Titus 1977) . Most leaflets underlying the canopy senesce and drop from the plant as the canopy develops.
22. Eurasian watermilfoil has been reported to flower once (Aiken, Newroth, and Wile 1979; Carpenter 1979) or twice (Young 1973 ) during the year.
Flowering occurs in North America anytime from May to November (Warrington 1983, Nichols and Shaw 1986) . After a first peak biomass and flowering period in summer, fragmentation occurs. This period is immediately followed by a second flowering and peak biomass period and a subsequent fragmentation and senescence period (Young 1973 , Stanley et al. 1976 ).
Phenological variations of Eurasian watermilfoil have been observed
in geographically similar water bodies. Warrington (1983) reported that growth and flowering differed in two ponds near Vancouver, British Columbia.
Standing vegetation occurred year-round in Centennial Park Pond, with flower ing from May to September and fruit production from June to August. In Queen Elizabeth Park Pond, standing vegetation was absent from January to March.
Flowering was from May to June, and no fruits were produced. Why these phenological differences occurred in two nearby ponds is unknown. In Melton   9 Hill Reservoir, Tennessee, flowering occurred 1 month earlier at a station located near the thermal discharge as compared with stations remote from the thermal influence (Young 1973 (Langeland 1986 ). Alligatorweed produces a "tough, fleshy, root-like rhizome" when grown out of water (Kay and Haller 1982) . Stems in the terrestrial form are smaller in diameter, more lignified, and have smaller internodal cavities and shorter internodes than the aquatic stems. Although the terrestrial form exists, alligatorweed grows primarily as a rooted, emer gent, or floating plant with most foliage growing out of the water.
27. Few studies have described the entire growth cycle of alligatorweed.
Alligatorweed characteristically undergoes winter dieback to root crowns, or its stems fragment and become loosely attached to the shoreline (Penfound 1940; Penfound, Hall, and Hess 1945) . The plant produces few shoots throughout the winter. In spring, shoot elongation originates from under ground stems. Growth and flowering in the spring may be controlled by water and air temperature (Penfound, Hall, and Hess 1945) . By early summer, large floating mats are formed (Coulson 1977) . By autumn, shoots reach maximum height, and the plant spreads horizontally from the shoreline into the open water. Fragmentation of the stems during senescence in late-autumn or winter usually allows only root crowns and stem fragments to survive.
28. Alligatorweed forms only pistillate flowers in this country (Penfound 1940 ). The plant is dispersed primarily by the dislodgement of plant mats and their reestablishment in other areas of a water body. If a plant group detaches from the mat, it will continue to grow as a floating aquatic until it anchors again in the sediment or along the shoreline (Weldon 1960 (Linde, Janisch, and Smith 1976; Graneli, Sytsma, and Weisner 1983; Gallagher, Wolf, and Pfeiffer 1984) . Harvesting giant cutgrass in autumn caused reduced carbohydrate levels and decreased plant growth in the following summer (Birch and Cooley 1983) . Linde, Janisch, and Smith (1976) were able to recognize the minimum TNC level in cattails based on the phenological expression of the plant. Seasonal trends of starch in the submersed species, coontail (CeratophyLLum demersum) , elodea (ELodea eanadensis), and egeria (Egeria densa) , were higher in winter, with a deple tion in spring and an accumulation in autumn (Best 1977; Getsinger 1982; Elly, Best, and Visser 1983) .
33. Presented below is a summary of the available information on carbo hydrate partitioning in waterhyacinth, hydrilla, Eurasian watermilfoil, and alligatorweed.
Waterhyacinth 34. Little information is available on carbohydrate partitioning in waterhyacinth. Most studies analyzed whole plant carbohydrates to determine the potential of the plant as a source of methane gas production or animal feed (Baldwin, Hentges, and Bagnall 1974; Boyd 1974; McDonald 1975, 1976; Bagnall 1980; Reddy 1983; and others) . Tucker (1980) showed that lowest TNC concentrations in waterhyacinth occurred in February (during the period of minimal plant growth), and peak values were observed in May and July. Tucker and DeBusk (1981) found that crude protein decreased while fiber and TNC increased, as waterhyacinth productivity increased in warm weather.
35. Penfound and Earle (1948) bohydrates to the stem region appeared to occur during the day. Seasonal cycles of carbohydrates in hydrilla were not examined. Haller (1974) showed that the lower stems and leaves of hydrilla, collected in September and Janu ary, contained three times more starch and sucrose than the stems and leaves located on upper portions of the plant.
37. Miller, Garrard, and Haller (1976) Titus (1977) found that TNC concentrations in the roots and shoots from Lake Mendota, Wisconsin, were greatest in autumn and under ice cover in winter. During June 1974 and May 1975, minimal amounts of TNC were found in roots and shoots from Lakes Wingra and Mendota (Titus and Adams 1979) , while complex carbohydrates were stored by the plant during the fall and winter. Stored complex carbohydrates were then converted during the summer to simple carbohydrates and used for growth. These authors found differences in plant carbohydrates collected at two sites within Lake Wingra and suggest, based on their findings, that multiple sampling sites are necessary to adequately understand the carbohydrate dynamics of this plant in a water body. The decrease of TNC in early winter may be due to loss of 13 carbohydrates in reproductive fragments with the onset of winter (Titus 1977) .
These fragments were not recovered for carbohydrate analyses.
39. Kimbel and Carpenter (1981) tested the hypothesis that harvesting disrupted the seasonal pattern of TNC storage in Eurasian watermilfoil. For example, an autumn harvest may have disrupted carbohydrate partitioning from shoots to roots, thereby diminishing the following year's growth. Eleven months posttreatment, TNC concentrations were significantly lower in a har vested plot than in a control plot. Kimbel (1982) has shown that vegetative fragments increased in TNC content prior to winter. plant to recover from periods of stress, e.g., temperature extremes, nutrient depletion, disease, grazing, and control tactics (Mooney 1972 44. Kimbel and Carpenter (1981) 45. Linde, Janisch, and Smith (1976) developed a relationship between TNC levels and phenological events in cattails (Typha ~atifo~ia). When the pistillate spike was "lime green" and the staminate spike was "dark green,"
carbohydrates were at their lowest concentration. These investigators sug gested that efficacy would be maximized if control tactics were applied during this period of the life cycle. Birch and Cooley (1983) showed that an autumn harvest of giant cutgrass (Zizaniopsis mi~iacea), prior to carbohydrate translocation to rhizomes, caused a substantial decrease of regrowth the fol lowing year. Getsinger (1982) Davis and Brinson (1980) and Barko, Adams, and Clesceri (1986) . Also, Westerdahl and Hall (1987) Otto and Svenson (1981) and Otto (1983) suggested that aquatic plants may contain metabolites that would reduce stress imposed by grazing from aquatic herbivores and thereby mitigate the effects of grazing. Whether these metabolites are produced in response to herbivore action or are present throughout the growth cycle is not known.
Also, stress may affect the timing and occurrence of specific phenological events, e.g., flowering and tuber formation. 
